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Crystal Structure of Manganese Catalase
from Lactobacillus plantarum
Conclusions: A comparison of L. plantarum and T. ther-
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Catalases have evolved independently in two different
protein families, leading to distinct structural frame-Summary
works differing in cofactor requirements (heme or non-
heme) for the two families of enzymes. Heme-containingBackground: Catalases are important antioxidant me-
(type I) catalases are ubiquitous in aerobic organismstalloenzymes that catalyze disproportionation of hydro-
and have been extensively characterized both structur-gen peroxide, forming dioxygen and water. Two families
ally [5, 6] and biochemically [7]. These enzymes areof catalases are known, one having a heme cofactor,
based on the globin fold, binding an iron porphyrin (FeP)and the other, a structurally distinct family containing
redox cofactor that undergoes two-electron changes innonheme manganese. We have solved the structure of
the oxidation state during the turnover from Fe(III)P tothe mesophilic manganese catalase from Lactobacillus
Fe(IV)  OP• oxo-ferryl porphyrin  radical complexplantarum and its azide-inhibited complex.
(compound I) [8–10]. In contrast, the nonheme type II
catalases are found in a broad range of microorganismsResults: The crystal structure of the native enzyme has
in microaerophilic environments, including the meso-been solved at 1.8 A˚ resolution by molecular replace-
philic lactic acid bacteria (e.g., Lactobacillus plantarumment, and the azide complex of the native protein has
[11]) and thermophiles (e.g., Thermus thermophilus [12]been solved at 1.4 A˚ resolution. The hexameric structure
and Thermoleophilum album [13]). The three-dimen-of the holoenzyme is stabilized by extensive intersubunit
sional structure of T. thermophilus catalase at 3.0 A˚contacts, including a  zipper and a structural calcium ion
resolution [14] has revealed that the type II catalasescrosslinking neighboring subunits. Each subunit contains
are 4-helix bundle proteins, organized around a coiled-a dimanganese active site, accessed by a single substrate
coil arrangement of  helices. In place of heme, thesechannel lined by charged residues. The manganese ions
enzymes (which are also known as “alternative cata-are linked by a 1,3-bridging glutamate carboxylate and
lases” or “pseudocatalases”) contain a dinuclear man-two -bridging solvent oxygens that electronically couple
ganese active site that, like its heme counterpart, per-the metal centers. The active site region includes two
forms a two-electron catalytic cycle, interconvertingresidues (Arg147 and Glu178) that appear to be unique to
the Lactobacillus plantarum catalase. between reduced (Mn[II]Mn[II]) and oxidized (Mn[III]
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Table 1. Crystal Forms of L. plantarum Catalase
Space Group a b c    Sub/a.u. Vma T (K)b Resolution Limits Mosaicity
Previously Reported Crystal Forms [34]
P41 21 2 146.9 146.9 84.5 90.0 90.0 90.0 3 2.56 293 2.0 A˚ —
P21 83.7 107.7 124.9 90.0 113.4 90.0 6 2.90 293 2.5 A˚ —
P21 83.7 107.7 119.6 90.0 106.5 90.0 6 2.90 293 2.5 A˚ —
I21 3 147.2 147.2 147.2 90.0 90.0 90.0 2 2.24 293 1.9 A˚ —
New Crystal Forms of LPC
P21 74.2 95.5 106.1 90.0 106.2 90.0 6 2.03 100 1.0 A˚ 0.20
P21 21 21 85.3 124.1 146.1 90.0 90.0 90.0 6 2.17 100 1.5 A˚ 0.70
a Vm is the Matthews number [35] calculated by program MATTHEWS_COEF (CCP4 Suite).
b T (K) indicates the data collection temperature in Kelvin scale.
Mn[III]) states during turnover [15, 16]. The involvement the initial LPC model being based on the TTC room
temperature model [30, 31]. The electron density map,of manganese in oxygen metabolism is well known [17],
e.g., in manganese superoxide dismutase (which con- improved by density modification, was of extremely
good quality, and residues of the first domain from Met1tains a mononuclear manganese complex) [18–23] and
the tetranuclear manganese water-oxidizing active site to Glu194 and residues of the second domain from
Pro201 to Gly266 were easily fitted by the LPC sequencein the photosynthetic oxygen-evolving complex [24–26].
However, biological redox catalysis by manganese is [33]. However, the hexapeptide representing the se-
quence from Lys195 to Val200 posed a problem. If therare compared to that of iron, so it is rather ironic that
a manganese-containing enzyme should extend (to cat- fitted parts of the chain all belonged to the same mono-
mer, as would be expected from the TTC structure, italases) the parallels between heme and nonheme bioca-
talysis previously established with alkane hydroxylases was impossible to fit the 27.1 A˚ distance by six residues.
Another possibility, that the fitted domains belonged to(cytochrome P450, methane monooxygenase) and diox-
ygen carrier proteins (hemoglobin and hemerythrin)[27]. different monomers, was revealed by the investigation
of alternative monomer contacts within the hexamer.The crystallography of the nonheme type II catalases
has been much less extensively developed than struc- The revised  carbon distance C Glu194–C Pro201
of 12.9 A˚ was reliably fit by the six residues. The modeltural studies on their heme-containing type I counter-
parts, in spite of the fact that manganese catalases of LPC has subsequently been refined to an R factor of
14.6% for all data in the resolution range 14.9–1.84 A˚,have been the subject of detailed spectroscopic and
biochemical investigations [e.g., 15, 16, 28, 29]. The excluding 5% of the randomly distributed reflections
that were taken to calculate an Rfree of 20.0% (Table 2).atomic structure of the thermophilic manganese cata-
lase from T. thermophilus (TTC) has been reported [30, The asymmetric unit contains a single LPC hexamer of
1596 protein residues, 12 Mn atoms, and 6 Ca atoms. All31] and recently refined to 1 A˚ [32]. The mesophilic
manganese catalase from L. plantarum (LPC), a poly- main chain atoms of the structure were unambiguously
defined.peptide of 266 amino acid residues with a molecular
mass of 29,743 kDa based on conceptual translation of The refined room temperature model of native LPC
was used to solve the structure of the LPC azide com-the nucleotide sequence of the catalase gene [33], has
also been crystallized. Four crystal forms of LPC have plex. The model of the azide complex has been refined
previously been reported, including a cubic form that to an R factor of 10.4% for all data in the resolution
diffracts beyond 1.9 A˚ (Table 1)[34]. In the course of our range 17.0–1.40 A˚, with an Rfree of 13.0% (Table 2). In
crystallographic studies on LPC, we have found a new addition to the elements of the native LPC structure, the
crystal form with diffraction limits beyond 1.0 A˚ (Table azide complex model includes 6 azide molecules, 1536
1). Using this new crystal form, the structure of the meso- water molecules, and 15 ethylene glycol molecules. The
philic L. plantarum manganese catalase has been solved final model has 92.0% of the nonglycine residues in the
at 1.8 A˚ resolution (Figure 1; Table 2), and the structure most favored regions of the Ramachandran plot and
of the azide complex of LPC at 1.4 A˚ resolution has been 8.0% in the additionally allowed regions [36]. In each
refined. A comparison of active sites for the thermophilic subunit, Pro201 is in the cis conformation. Over the
and mesophilic enzymes identifies both similarities and entire structure, 47.4% of the residues are in  helices,
differences, revealing the structural basis for dinuclear and 5.3% of the residues are in 3,10 helices. A relatively
manganese reactivity. small number of amino acids occur in  sheets and are
mainly associated with the intersubunit  structures.
Met39, Met67, and Ser74 in all subunits; Leu118 in K,Results and Discussion
M, and Q subunits; and Ser133 in K, L, M, and N subunits
were modeled with alternative side chain conformations.Quality of the Model
Two new crystal forms of L. plantarum catalase were
obtained in PEG 8000 (pH 8.7) (Table 1). Data sets for Protein Fold and Subunit Packing
LPC is a homohexamer (point symmetry 32), containingthe monoclinic crystal form of the native protein (space
group P21) were used for structure solving. The LPC two manganese ions in each of its six identical subunits,
in good agreement with the previously reported Mn con-structure was solved by molecular replacement, with
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Figure 1. Structural Organization of Lactoba-
cillus plantarum Manganese Catalase
(a) Stereo view of a C chain tracing of Lacto-
bacillus plantarum manganese catalase with
residue numbering.
(b) Stereo view ribbon diagram identifying the
elements of secondary structure ( helix,
blue;  sheet, yellow). The di-Mn unit (red
spheres) is shown embedded in the 4-helix
bundle.
(c) Space-filling model of Lactobacillus plan-
tarum manganese catalase hexamer (80 A˚ 
85 A˚ 75 A˚) viewed along the three-fold axis.
Each of the six subunits is color coded to
emphasize the complex entanglement in this
packing pattern.
(d) A ribbon diagram of the same structure, with
Ca2	 binding sites indicated by black dots, and
Mn ions represented as blue dots. This figure
was prepared with MIDASPLUS [70].
tent [11, 28]. Figures 1c and 1d show the overall globular The two terminal regions (residues 1–18 and 191–260)
have an extended conformation involving relatively littleform of the hexamer and the trigonal organization of the
subunits. Each molecule contains three equivalent two- intrinsic secondary structure but are well ordered in the
molecule. Their structure appears to be primarily moldedfold axes perpendicular to the molecular three-fold axis.
The hexameric packing is unusually complex, each sub- by the packing of their side chains against the neigh-
boring catalytic domains. Compact apoferritin-like [37–unit making extensive contacts with every other in the
hexamer as a consequence of the highly irregular shape 39] catalytic domains form the central core of the hex-
amer, surrounded by the N- and C-terminal strands.of the individual subunits (Figures 1a and 1b). Contacts
between subunits are very extensive, and the interface These extended tails wrap around the core along the
hexameric interfaces, forming a belt that is cinched bycomprises 57% (9,570 A˚2 ) of the total surface area of
each of the subunits (16,780 A˚2). pairwise intersubunit antiparallel  sheet interactions
between N-terminal octapeptides at each of the threeEach of the subunits is composed of three distinct
structural regions: an N-terminal polypeptide, a central two-fold axes (see Figure S1 in the Supplementary Mate-
rial available with this article online). Wings of parallel4-helix bundle that serves as the scaffolding for the
catalytic active site, and a C-terminal tail (Figure 1b).  strands arising from two additional subunits create
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Table 2. Summary of Crystallographic Statistics
Summary of Data Collection
Data Sets Native 1 Native 2 Azide Complex
Space group P21 P21 P21
Unit cell parameters (A˚)
a 74.90 74.72 74.21
b 98.10 96.42 95.55
c 107.00 106.69 106.11
 106.90 106.88 106.18
Temperature 293K 293K 100K
Resolution limits (A˚) 17.0–2.90 17.0–1.84 17.0–1.40
Last shell limits (A˚) 2.95–2.90 1.87–1.84 1.42–1.40
Completeness (%)a 96.8 (82.3) 90.4 (63.6) 95.5 (78.3)
Reflections 93,928 157,987 663,270
Unique reflections 31,977 113,270 269,006
I/s 22.3 (13.1) 16.1 (3.0) 16.4 (4.13)
Rsym (%)b 3.4 (5.5) 5.5 (13.6) 5.0 (14.0)
Final Refinement Statistics Native model Azide complex
Resolution limits (A˚) 14.9–1.84 17.0–1.40
Refined number of reflections 107,466 260,556
Number of reflections for Rfree 5,735 13,288
Overall Rcryst (%)c 14.6 10.4
Overall Rfree (%)d 20.0 13.0
Number of protein residues 1,596 1,596
Bond Rmsd (A˚)e 0.012 (0.02) 0.014 (0.02)
Angle Rmsd ()e 1.50 (2.00) 1.54 (2.00)
Average B factor (A˚2) 20.88 13.25
Total refined atoms 13,531 14,089
Protein Atoms 12,457 12,457
Solvent Atoms 1,056 1,614
Mn	3 Ions 12 12
Ca	2 Ions 6 6
a Numbers in parentheses indicate values for the highest resolution shell.
b Rsym  
[|Ii  Ii|]/
[Ii]
c Rcryst  
||Fobs|  |Fcalc||/
|Fobs|
d Rfree is the same as Rcryst for a random subset not included in the refinement of 5% of the total reflection.
e Target values are given in parentheses.
a compact 4-sheet mixed-parallel/antiparallel contact environment in the protein suggested that it was a diva-
lent metal ion (Mg2	 or Ca2	). Subsequently, atomic ab-between four distinct subunits. The protein overlayer
sorption spectroscopy has confirmed that LPC containsformed by these encircling tails protects and stabilizes
0.85 Ca/subunit, the first demonstration of the presencethe core and restricts access to the catalytic regions.
of a structural metal ion in a manganese catalase. TheThere is a second close contact inside the molecule,
metal ion appears to crosslink pairs of subunits andconstructed from polypeptides arising from the reverse
represents an important feature of the protein fold forcrossover strands (see below) of the 4-helix bundle do-
the LPC class of manganese catalase that is not presentmains of neighboring monomers (Figure S2). This short
in the thermophilic enzyme. The C-terminal tails of eachregion lies on the two-fold symmetry axis of the hexamer
subunit of LPC include a loop (residues 217–224) thatand contains two hydrogen bonds formed symmetrically
is involved in binding these calcium ions at nonsymmet-between the corresponding adjacent residues in the two
rical subunit interfaces (Figure 2). The Ca2	 ions in thestrands. The intersubunit hydrogen bonds form an anti-
protein are eight-coordinate, with ligation by an aspara-parallel  sheet, with the peptide carbonyl of residue 126
gine (Asn218) side chain carbonyl, two main chain pep-in each chain serving as a hydrogen bond acceptor to the
tide carbonyls from one subunit (Ser220 and Gly222),peptide amide of residue 127 in the other strand. This
and two chelating aspartate side chain carboxylatesdouble linkage forms an inner clasp between subunits
(Asp7 and Asp61) arising from helix 2 of the secondstabilizing the dimer. The unusually complex hexameric
subunit. The inner sphere of the complex is completedorganization may contribute to the reported difficulties in
by a solvent molecule. The outer sphere of the Ca2	heterologous expression of recombinant LPC, which
complex is hydrophilic and includes a serine hydroxylforms insoluble inclusion bodies in Escherichia coli [33].
(Ser225) and two additional crystallographically ordered
solvent molecules. Each Ca2	 site is 15 A˚ away from the
Calcium Site nearest Mn center in the protein.
During refinement, a detailed inspection of the electron
density maps revealed the presence of an exogenous Dimanganese Active Site
heavy atom in LPC remote from the dinuclear metal The central catalytic domain has a fold that is character-
istic of class I 4-helix bundle enzymes [40] (e.g., apofer-center. The scattering properties of this center and its
Lactobacillus plantarum Manganese Catalase
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Figure 2. Stereo View of the Calcium Bind-
ing Site
The Ca2	 ion, rendered in violet, is coordi-
nated by side chains arising from two sub-
units, color coded blue and red, and one sol-
vent molecule (WAT 405). This figure was
produced using MIDASPLUS [70].
ritin [37–39], ribonucleotide reductase [41], methane vided by different layers or rungs. The terminal ligands
to the dinuclear center arise from helices 1 and 2 in layermonooxygenase [42], and 9 stearoyl-acyl carrier pro-
tein desaturase [43]) and is distinguished by a left- 2 and from helices 3 and 4 in layer 3. The bridging
glutamate residue (Glu66) arises from layer 3 of helix 2handed reverse crossover between helix 2 and helix 3
that inverts the orientation of the second pair of helices and the noncoordinating Glu178 from layer 2 of helix 4.
This arrangement conserves an approximate two-foldin the bundle. This structural motif (Figure S3a) is well
known within the family of di-iron carboxylate proteins rotational symmetry resulting from the antiparallel as-
sembly of the initial and final pairs of helices. Layers 1but has not previously been reported for other manga-
nese metalloenzymes [44]. In LPC, helix 1 includes a and 4 contribute the outer-sphere residues that define
the active site environment in the protein.short loop (from Ser28 to Gln32) including two glycine
residues that create a bulge in the chain and provide
access to the active site (see below). Charged residues Catalytic Core
The high quality of the electron density map in the vicin-lining this channel may increase selectivity for the neu-
tral substrate, hydrogen peroxide, by restricting access ity of the Mn2O2 core (Figure 3, top) supports a detailed
analysis of the active site structure, whose metric fea-by anions (halides or oxoanions) that may act as inhibi-
tors of LPC. The dimanganese core is embedded in tures are shown to the right of Figure 3. A single 1,3-
bridging carboxylate (Glu66) spans the cluster andthe interior of the helix bundle, with the Mn-Mn vector
approximately aligned with the helical axes. Analogous serves as a pivot point for the two subsites. Two single-
atom solvent bridges (oxo, hydroxo or aquo) lie betweento other dinuclear carboxylate metalloproteins [40], the
metal binding site in LPC is formed from a duplicated the manganese ions and provide electronic coupling
between the two metal centers. In addition, the manga-motif involving two consecutive pairs of  helices. For
each pair, the first helix contributes an aspartate or glu- nese ions are each coordinated by one histidine ND
nitrogen and one nonbridging carboxylate, with the latertamate metal ligand, and the second contributes an
EXXH metal binding loop with coordinating glutamate displaying distinct coordination modes (monodentate
and chelating) in the two metal centers. For the Mn1and histidine arising from adjacent turns of the  helix
(Figure S3b). The packing of the 4-helix bundle brings subsite, the carboxylate (Glu35) is monodentate, with
the noncoordinated oxygen OE2 forming a six-atom hy-together the entire set of six ligands from the two helix
pairs to form a buried carboxylate cluster that organizes drogen-bonded loop including the solvent bridge W2,
indicating that the bridge is protonated in the restingthe assembly of the dinuclear metal complex. In the di-
iron carboxylate structures, the two-fold repeated se- state. The sixth (apical) position of this subsite is occu-
pied by a third nonbridging solvent molecule coordi-quence motif results in pseudo two-fold rotational sym-
metry, relating the two subsites within the dinuclear nated to the dimanganese cluster (W3). Terminally
bound waters are easily displaced from metal com-cluster [40]. In LPC, however, only five of the six carbox-
ylate or imidazole side chains in this pattern are utilized plexes, and this apical site likely serves as the initial
substrate binding site during catalysis. The other subsiteas metal ligands, resulting in approximate mirror sym-
metry for the cluster (see below). This fundamental (Mn2) has a bidentate (chelating) coordination mode for
Glu148, which may prevent exogenous ligands fromstructural difference is expected to contribute to the
distinct catalytic reactivities represented by these en- binding. Counting the chelating Glu148 as two ligands
makes each of the manganese ions in the cluster six-zymes. While the di-iron enzymes catalyze dioxygen-
dependent reactions (hydroxylation, oxygenation, and coordinate, with approximately octahedral geometry at
each subsite. The principal axes of the coordinationoxidation), manganese catalase performs peroxide-
dependent oxidation-reduction. polyhedra for the subsites, defined by the bond direc-
tions to the Glu66 carboxylate bridge, diverge by ap-The architecture of the 4-helix bundle domain of L.
plantarum catalase is explored in more detail in Figure proximately 23 between the two subsites (Figure 3). As
a result, the Mn2O2 core is nonplanar, and the bridgesS3c. The coiled-coil structure creates a template for
dinuclear metal binding in the center of the bundle, in- arch approximately 12 above the Mn-Mn vector on each
side, producing a butterfly distortion of the core.volving residues arising from the inner turns of the heli-
ces, as previously described for di-iron proteins [40, 45]. The Mn-Mn separation in the resting state of the clus-
ter is 3.03 A˚, determined mainly by the Mn-O distancesThe heptet residue repeat of the helices forms a ladder
pattern within the bundle, with specific functions pro- for the solvent bridges. The two bridges are structurally
Structure
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Figure 3. Stereo View of Fragments of the Electron Density Maps Including the Dimanganese Active Site
(Top) A 2Fo-Fc map at 1.84 A˚ resolution for the active site manganese cluster in the (3,3) state for native L. plantarum catalase. The electron
density is contoured at 1.2  (light blue line) and 8.0  (dark blue line). (Bottom) Omit map (red density) for the active site of the L. plantarum
catalase azide complex at 1.4 A˚. The omit map was calculated with the complete LPC model, without oxygens of bridges and azide molecules.
The electron density of the 2Fo- Fc map is contoured at 1.5  (light blue line) and 10.0  (dark blue line). The difference density of the Fo- Fc
map is rendered as red lines at 4.2 . (Right) Geometric details of the dinuclear manganese complex, viewed from the bis-histidine side of
the cluster, for native (top) and azide (bottom) complexes. This figure was generated with BOBSCRIPT [71, 72].
distinct, one (W1, identified below as the trans-Glu site) manganese sites in the as-isolated enzyme have been
shown to be fully oxidized in previous studies [29] andis trans to the nonbridging carboxylates, while the other
(W2, identified below as the trans-His site) is trans to the characteristic red color of the oxidized complex is
not diminished upon crystallization. In previous studies,the pair of coordinated histidine imidazoles. The Mn-O
bond distances are different for the two bridges, being, a small fraction (5%) of superoxidized (3,4) complexes
present in these samples were identified as a paramag-on average, 0.2 A˚ longer for the trans-His than for the
trans-Glu oxygen, consistent with the assignment of the netic interference in spectroscopic experiments, requir-
ing special treatment of those samples to eliminate thetrans-His bridge as a hydroxide and the trans-Glu bridge
as a oxo group in the resting enzyme. These structural minority species [29]. This minor heterogeneous compo-
nent, even if it is present in the crystalline protein, doesdifferences likely arise from a trans-effect of the oppos-
ing ligand and are expected to result in distinct reactivity not represent a concern for structural studies, so reduc-
tive cycling of the enzyme and reoxidation to the (3,3)of the two bridges. The Mn-O distances vary with oxida-
tion and protonation state, and the triply-bridged Mn form [29] has not been necessary. LPC crystals used in
these studies are expected to predominantly containdimer must be flexible to allow contraction and expan-
sion of the Mn2O2 core as the complex undergoes cyclic the oxidized (3,3) state of the complex, and the bond
distances indicated in Figure 3 are consistent with thisoxidation and reduction. Increasing or decreasing man-
ganese separation could be easily accommodated in assignment. The Mn-Mn separation predicted by EXAFS
analysis of fully reduced (2,2) LPC [46] is significantlythe complex by a simple rotation of the coordination
octahedra of the two subsites pivoting on their respec- larger (3.53 A˚), reflecting the expansion of the LPC clus-
ter core upon reduction, possibly forming an “open”tive connections to the bridging carboxylate, Glu66.
The dimanganese clusters in the LPC crystal have complex with a single solvent bridge. In the reduced
form of TTC, the cluster core is “closed” (with two sol-been assigned to the (3,3) oxidation state, since the
Lactobacillus plantarum Manganese Catalase
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Figure 4. Stereo View of the Dinuclear Man-
ganese Active Sites in Lactobacillus plan-
tarum and Thermus thermophilus Catalases,
Viewed from the Solvent, or Substrate, Ac-
cess Funnel
Manganese ions are represented by red
spheres, and coordinated solvent is repre-
sented by gray spheres. Hydrogen bonding
interactions inferred from the structure are
indicated by dotted lines. (Top) The L. plan-
tarum catalase site. (Bottom) The T. ther-
mophilus catalase site, based on [32]. This
figure was generated with INSIGHT II [73].
vent bridges) [30], and the metal ions are closer in both NE2Gln9), leading to a reorganization of these side
chains. This extended hydrogen bond network is a majoroxidation states, a consequence of the distinct cluster
environments in the two proteins (see below), which structural difference between the manganese catalase
active sites and di-iron carboxylate complexes. The totalcomplicates direct comparison of the core structures in
these enzymes. charge on the dimanganese complex in LPC is zero in
the oxidized (3,3) state of the cluster (the sum of 	3
formal charge on each metal,1 on the bridging hydrox-Environment of the Mn Cluster
The binuclear active site is embedded in a web of hydro- ide, 2 on the bridging oxo, and 3 over the three
carboxylate ligands). Because the substrate and prod-gen bonds in the outer sphere that radiate out from the
metal cluster, creating a specialized environment for ucts are all neutral as well, there is no net change in
charge on the cluster during turnover that would accountredox catalysis (Figure 4, top). This may permit the pro-
tein to respond to redox transformations of the cluster for the presence of a counterion in the protein. The
buried charge of Arg147 is thus not needed to stabilizewith a rapid electrostatic polarization over the H bond
system. On the glutamate side, Arg147 anchors a net- the dinuclear metal center in any of its redox states
and may instead provide charge compensation for thework of hydrogen bonds around the dimanganese clus-
ter, with NH2 of the guanidinium group serving as a nonligand glutamate Glu178 carboxylate, which lies
above the cluster.donor to the coordinated oxygen OE1 of Glu148 and to
the trans-His bridge W2, and NH1 serving as a donor In sequence correlations over the closely related di-
iron carboxylate family of enzymes, Glu178 correspondsto the noncoordinated oxygen OE2 of Glu35. In addition,
the NE of Arg147 is an H bond donor to the phenolic to an element of the dinucleating motif (Figure S3) that
serves as a metal ligand. In LPC, the packing of thehydroxyl of Tyr42, which in turn is a donor to OE1 of
Glu148, completing a third loop. On the histidine side, Glu178 side chain constrains its conformation, eliminat-
ing the torsional mobility it would require to become athe noncoordinated NE pyrrole-type nitrogens of the
two histidine ligands (His69 and His181) are hydrogen metal ligand, and it therefore lies above the diman-
ganese complex, hydrogen bonded to the nonbridgingbonded to the oxygens of Glu65, which in turn is en-
gaged in a precise six-atom ring salt bridge complex solvent (W3) near the trans-His oxygen (W2). There are
no other hydrogen bonding partners for this buried glu-with the N and NH2 of Arg177. The geometry of hydro-
gen bond donor and acceptor sites on His69 and Glu65, tamate, whose carboxylate head-group lies in a cleft
between segments of polypeptide backbone and is but-while not optimal (OE2Glu65–NE2His69 mean distance
of 3.29 A˚; N-H-O angle of 121), is expected to provide tressed by a close contact (3.09 A˚) between one of the
oxygens and the -hydrogen of residue 152. Glu178some H bonding character to the buttressing close con-
tact. In TTC [30, 31], the corresponding residues form adopts a fully extended side chain conformation in the
structure. The close association between Glu178 andrelatively tight hydrogen bonds. However, in LPC, Gln9
takes on part of this structural role by forming hydrogen the putative substrate binding site suggests that this
group plays an important role in catalysis, perhaps facili-bonds with His69 (via OE1Gln9) and with Glu65 (via
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Figure 5. Buried Solvent Channels in Manga-
nese Catalase
Views parallel (top) and perpendicular to (bot-
tom) the three-fold axis of the LPC hexamer.
Waters contained within a 55 A˚ diameter
spherical shell centered within the hexamer
are represented as violet spheres. A chain-
tracing diagram of a single subunit (blue rib-
bon) is superimposed on the water channels,
with the Mn2O3 heteroatoms of each of the
six catalytic clusters rendered as red
spheres. This figure was produced with
INSIGHT II [73].
tating proton transfers within the active site. For exam- Solvent Channels
The LPC hexamer contains a considerable amount ofple, this residue may shuttle protons from the substrate
buried water, as shown in Figure 5, which visualizes theto the bridges during the oxidative half-reaction (H2O2 	
solvent contained within a 55 A˚ diameter sphere that[O] → O2 	 H2O) or assist in a 1,2-hydrogen shift between
excludes water bound to the outer surface of the protein.the two oxygens of a coordinated H2O2 molecule in the
This buried region contains approximately 320 crystallo-course of O-O bond cleavage during the reductive half-
graphic waters out of nearly 1550 solvent moleculesreaction (H2O2 → H2O 	 [O]) (see below). The bracketed
located within the asymmetric unit. The view perpendic-oxygen in these equations represents an element that is
ular to the three-fold axis (Figure 5, bottom) clearlycarried over between half-reactions, in analogy to the well-
shows a continuous solvent channel spanning the corecharacterized heme catalase reaction [1].
top-to-bottom along the three-fold axis of the hexamer.The hydrogen bonding interaction between Tyr42 and
A view parallel to the three-fold axis (Figure 5, top) showsthe metal ligand Glu148 is an interesting element of
this main channel in cross-section and delineates chainsthe active site structure that is reminiscent of the close
of ordered solvent that extend out from the core andassociation of tyrosine with the binuclear iron redox
penetrate each of the subunits. The superposition ofcenter in ribonucleotide reductase [41]. In the latter
one subunit and all six dimanganese clusters on thecase, the tyrosine is redox active and forms a stabilized
image of the buried solvent shows that six of these sidephenoxyl free radical in the active enzyme. In the photo-
channels terminate at the dinuclear manganese activesynthetic oxygen-evolving complex (OEC) a tyrosine in
sites, tracing out pathways for access and egress ofthe outer sphere of the manganese cluster (YZ) forms a
substrates and products. The ordered water moleculesphenoxyl free radical that has been implicated in elec-
are, in general, associated with discrete hydrophilic sitestron transfer and hydrogen atom abstraction processes
in the protein, and it is likely that additional disordered[47, 48]. There is no evidence for the involvement of
solvent is present in these access channels.free radicals in manganese catalase turnover, but the
tyrosine appears to be a conserved feature of this family
of enzymes (and also of the Mn- and Fe-cofactored Azide Interactions
SODs) and may function as a safety valve in this context, Azide is an inhibitor of L. plantarum catalase turnover,
allowing the enzyme to form a relatively reversible tyro- forming an active site complex that has been character-
sine phenoxyl free radical following hyperoxidation of ized kinetically and spectroscopically [15, 16]. LPC crys-
the cluster, protecting the active site and preventing tals soaked in azide-containing buffer are converted to
an azide complex, whose structure is virtually indistin-permanent oxidative damage to the protein.
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Table 3. Selected Bond Distances and Bond Angles for the Azide Complex of the Oxidized (3,3) LPC Dimanganese Cluster
Selected Distances
Distance (A˚)/Subunit K L M N P Q mean Stda
Mn1-Mn2 3.17 3.19 3.21 3.21 3.19 3.18 3.19 0.016
Mn1-N1azide 2.17 2.20 2.22 2.15 2.16 2.20 2.18 0.027
Mn1-OtransGlu 2.01 2.02 2.03 2.05 2.08 2.02 2.04 0.026
Mn1-OtransHis 2.15 2.08 2.10 2.16 2.10 2.19 2.13 0.043
Mn1-OE1Glu35 1.89 1.88 1.86 1.94 1.95 1.87 1.90 0.038
Mn1-OE2Glu35 3.41 3.44 3.41 3.40 3.48 3.42 3.43 0.029
Mn1-OE1Glu66 2.13 2.13 2.11 2.14 2.12 2.11 2.12 0.012
Mn1-ND1His69 2.26 2.25 2.23 2.20 2.22 2.22 2.23 0.022
Mn2-OtransGlu 2.11 2.10 2.07 2.12 2.08 2.04 2.09 0.029
Mn2-OtransHis 2.10 2.16 2.17 2.11 2.12 2.14 2.13 0.028
Mn2-OE2Glu66 2.11 2.10 2.11 2.09 2.10 2.11 2.10 0.008
Mn2-OE1Glu148 2.36 2.33 2.36 2.34 2.35 2.37 2.35 0.015
Mn2-OE2Glu148 2.32 2.33 2.38 2.34 2.36 2.32 2.34 0.024
Mn2-ND1His181 2.23 2.21 2.21 2.17 2.20 2.20 2.20 0.020
OE2Glu65-NE2His69 3.26 3.27 3.29 3.28 3.30 3.31 3.28 0.019
OE1Glu65-NE2His181 2.92 2.94 2.94 2.94 2.91 2.96 2.94 0.018
Selected Angles
Angle ()/Subunit K L M N P Q mean Std
Mn1-OtransGlu-Mn2 100.7 101.6 102.9 100.9 100.4 103.1 101.6 1.16
Mn1-OtransHis-Mn2 96.4 97.6 97.3 97.8 98.1 94.9 97.0 1.19
OtransGlu-Mn1-OtransHis 75.8 75.2 72.9 74.3 74.8 74.2 74.5 0.99
OtransGlu-Mn2-OtransHis 74.7 71.7 70.7 74.0 74.5 74.9 73.4 1.77
N3azide-N1azide-Mn1 118.2 114.5 111.05 119.21 116.3 115.4 115.8 2.91
N1azide-Mn1-Nd1His69 87.9 95.0 94.4 97.4 93.9 94.4 93.8 3.16
N1azide-Mn1-OtransHis 98.2 89.0 88.5 87.3 89.8 91.1 90.6 3.91
ND1His69-Mn1-Mn2 119.9 121.1 120.9 120.7 120.2 120.9 120.6 0.47
ND1His181-Mn2-Mn1 121.8 121.9 122.1 122.2 122.4 122.3 122.1 0.23
OE1Glu66-Mn1-Mn2 76.6 76.7 76.4 76.4 77.2 76.9 76.7 0.31
OE2Glu66-Mn2-Mn1 77.1 77.0 76.4 76.8 76.3 76.3 76.6 0.36
CDGlu35-OE1Glu35-Mn1 138.3 137.7 139.2 138.4 139.8 138.1 138.6 0.77
OE1Glu35-Mn1-OtransGlu 175.5 173.6 170.8 175.0 175.0 174.0 174.0 1.71
OE1Glu35-Mn1-OtransHis 101.7 100.8 101.7 101.7 100.4 101.1 101.2 0.56
OE2Glu35-Mn1-OtransHis 64.9 63.5 64.0 65.9 65.8 63.8 64.6 1.04
OE1Glu35-Mn1-OE2Glu35 38.1 38.5 38.4 37.7 36.5 38.7 38.0 0.81
OE1Glu35-Mn1-OE1Glu66 86.9 87.2 89.4 86.1 85.2 86.6 86.9 1.41
OE1glu35-Mn1-ND1His69 97.2 95.8 95.7 97.1 98.1 95.6 96.6 1.03
OE1Glu66-Mn1-OtransGlu 96.7 97.7 98.1 96.7 96.2 96.9 97.0 0.71
CDGlu66-OE1Glu66-Mn1 132.2 131.2 132.7 131.2 131.5 132.1 131.8 0.61
ND1his69-Mn1-OtransGlu 85.6 88.52 90.01 87.08 86.72 89.4 87.9 1.71
ND1His69-Mn1-OtransHis 160.8 163.0 162.6 160.8 161.0 162.7 161.8 1.05
CDGlu66-OE2Glu66-Mn2 131.8 131.5 132.1 132.7 132.7 133.0 132.3 0.59
OE2Glu66-Mn2-OtransGlu 95.7 97.2 97.6 96.5 96.4 96.9 96.7 0.67
OE2Glu66-Mn2-OtransHis 89.9 89.0 89.8 89.2 87.9 87.9 89.0 0.88
CEGlu148-Mn2-ND1His181 95.2 95.0 94.9 95.0 94.7 94.3 94.8 0.31
OE2Glu148-Mn2-OtransHis 102.8 105.2 105.4 103.8 103.7 102.0 103.8 1.32
OE1Glu148-Mn2-OtransHis 91.2 93.3 91.9 91.3 91.2 90.4 91.6 0.98
ND1His181-Mn2-OtransHis 161.5 159.6 159.4 161.5 160.7 163.1 161 1.38
B Factors of Selected Atoms
Atom/Subunit K L M P Q R
Mn1 9.94 9.99 11.21 12.63 12.62 10.85
Mn2 10.93 11.19 12.04 13.79 13.42 11.58
N1azide 17.01 15.33 19.06 22.76 20.15 18.45
N3azide 25.54 23.58 26.14 29.42 27.58 26.52
OtransGlu 15.29 16.74 18.08 18.74 18.89 16.63
OtransHis 16.29 16.72 17.91 19.64 18.66 15.95
OE1Glu35 15.06 15.34 17.24 18.61 18.11 16.64
OE2Glu35 18.28 17.34 17.52 19.28 18.35 17.87
OE1Glu65 9.95 10.93 12.56 13.04 13.26 11.87
OE2Glu65 10.14 10.84 12.25 13.83 13.05 11.39
OE1Glu66 11.31 10.84 12.03 13.65 12.72 11.48
OE2Glu66 10.21 10.57 11.82 12.79 11.98 10.86
ND1His69 8.71 8.61 10.44 11.82 11.45 10.64
NE2His69 8.46 9.04 10.58 12.72 12.43 10.53
OE1Glu148 10.41 10.04 10.86 12.39 12.45 9.93
OE2Glu148 10.53 10.64 11.64 13.73 12.49 11.3
ND1His181 10.04 10.17 11.16 12.63 13.14 11.4
NE2His181 11.03 10.97 12.36 12.73 12.96 11.66





Figure 6. Superposition of Monomers of
Manganese Catalases from L. plantarum and
T. thermophilus
A stereo view along (top) and nearly per-
pendicular to (bottom) the bundle axis. The
4-helix bundle domains 1 are color coded,
with LPC indicated in red and TTC indicated
in green. The C-terminal domains 2 of the LPC
monomer and the TTC monomer are shown in
magenta and blue, respectively. This figure
was prepared with MIDASPLUS [70]
guishable from the native structure except in the vicinity bundle domains of LPC and TTC are very similar, as
illustrated in Figure 6. The coiled-coil structures in LPCof the active site, where significant differences occur
(Figure 3, bottom; Table 3). In the azide complex of the (red) and TTC (green) monomers are superimposable
with an rmsd of C atoms of 1.42 A˚, the extendedoxidized (3,3) form of the enzyme, the anion occupies
a terminal position on the Mn1 subsite replacing the C-terminal tails of LPC and TTC (magenta and blue,
respectively) representing the major difference in thesolvent (W3) present in the native structure. Since azide
is an analog of hydrogen peroxide, this mode of binding structures at this level.
At the level of active sites, the dinuclear manganeseis likely to mimic that of a coordinated substrate. The
linear N3 anion extends away from the cluster, toward a cores in LPC and TTC share the same pattern of gluta-
mate/histidine coordination. The outer-sphere interac-pocket on the periphery of the active site. The hydrogen
bond between Glu178 and the terminal ligand (W3) in tion of a glutamate ligand with tyrosine is also preserved
in the TTC structure [Tyr 43···Glu 155], as is the Arg-Gluthe native complex is lacking in the azide adduct, and
the glutamate carboxylate (which is likely protonated in salt bridge that crosslinks helices 2 and 4, stabilizing
the bundle adjacent to the cluster. However, other fea-this complex) is shifted slightly toward a solvent bridge
(W2). The motion of Glu178 involves changing the planar tures of the active site environments are quite different
for LPC and TTC, as shown in Figure 4. In particular,angle CA-CB-CG of the glutamate side chain.
Azide binding also perturbs the structure of the Mn2O2 the pendant carboxylate corresponding to Glu178 is ab-
sent in TTC, being functionally substituted in the activecore of the dimanganese active site. Axial coordination
of the azide anion results in an expansion in all four site by a lysine residue (Lys162) arising from a different
region of secondary structure. It is interesting to notemetal-ligand bonds in the perpendicular plane, increas-
ing the Mn-Mn separation in the adduct by approxi- that substitution of Lys for Glu preserves the essential
hydrogen bonding interactions between this active sitemately 0.15 A˚. This response of the cluster to anion
interactions defines a flow of electron density in the group and the terminal solvent molecule in the cluster
in spite of the charge reversal between the two sidecomplex that mimics the redox chemistry that occurs
during catalysis. The effect of axial coordination on the chains and the replacement of a hydrogen bond ac-
ceptor (Glu) by a hydrogen bond donor (Lys). The hydro-binding of the solvent bridges may also be important
in activating the cluster for substrate insertion into a gen bonding and proton-transfer ability of this outer-
sphere residue appears to be the property that isbridging site during turnover (see below).
conserved between the two enzymes and may be an es-
sential feature of the catalytic complex (see below). TheStructural Correlations between LPC and TTC
Details of the structure of the thermophilic manganese mobility of the two side chains is likely to be quite differ-
ent in the homologous active sites, with Lys162 in TTCcatalase from T. thermophilus (TTC) have recently been
reported [32], and the comparison of LPC and TTC mole- appearing to have free mobility around all torsion angles
of its side chain, while Glu178 in LPC is rigidly packed.cules gives further insight into the underlying unity as
well as diversity within this family of enzymes. Both LPC The functional substitution of a lysine residue for glu-
tamate in the outer sphere of the cluster changes theand TTC are built up by a hexameric organization of
monomers based on the 4-helix bundle motif. Four-helix charge balance in the complex, and the charge-com-
Lactobacillus plantarum Manganese Catalase
735
pensating arginine (Arg147) that is present in LPC does
not have a counterpart in the TTC structure. The absence
of residues corresponding to both Arg147 and Glu178
makes the TTC active site much roomier than the LPC
site and opens up a second short, wide solvent channel
to the protein surface in TTC that is not present in LPC.
These differences are consistent with access to the TTC
cluster by a variety of large ions (e.g., phosphate and
acetate) that appear to be unable to reach the more
protected manganese complex that occurs in LPC. The
coordination chemistry of the active site may also be
affected by the relatively relaxed steric constraints for
the TTC cluster. Two azide ions can simultaneously bind
to the reduced TTC cluster, substituting for both of the
bridging oxygens [31], and the reduced TTC cluster can
similarly react with chloride ions [32]. The TTC cluster
in the oxidized (3,3) state also has two binding sites
for azide, which can occupy one bridging site and one
terminal site in the cluster (V.V.B., unpublished data).
These two channels and three potential substrate bind-
ing sites suggest that TTC may have additional functions
beyond peroxide decomposition. LPC, on the other
hand, with its more restrictive active site, is clearly a
dedicated catalase.
Mechanistic Insights
The active site structure supports a hypothetical cata-
lytic turnover mechanism involving distinct patterns of
reactivity in oxidative and reductive half-reactions (Fig-
ure 7), as previously described [29]. In this model, the
substrate binds terminally to the oxidized cluster of the Figure 7. Proton Transfers within the Active Site Complex Catalyzed
by Glutamate 178oxidative half-reaction, replacing the nonbridging sol-
In the oxidative half-reaction (left), Glu178 is positioned to shuttlevent (W3) on the Mn1 subsite. This is the structure that
protons from a terminally bound peroxide to the trans-Glu bridgeis mimicked by the LPC azide adduct (Figure 4). Two-
(W1). In the reductive half-reaction (right), Glu178 may serve to pro-electron oxidation of the terminally bound peroxide by
tonate a bridging peroxide, activating it toward O-O bond cleavage.the dinuclear manganese(III) complex results in the re-
lease of the dioxygen product, analogous to the dissoci-
ation of O2 from oxyhemerythrin [49]. This two-electron furthering the analogy between heme and nonheme cat-
alase mechanisms. Similar mechanisms that have re-redox step is facilitated by the oxygen bridges (W1 and
W2) that electronically couple the manganese ions, cently been described [44, 54] differ in the requirement
for dissociation of one of the bridging ligands to convertallowing them to function as a unit. We propose that
the pendant glutamate (Glu178) is involved in transfer- the complex to a functional form for both reduced (2,2)
and oxidized (3,3) complexes. The crystallographicallyring the peroxidic protons to active site bases during
turnover, and that these proton acceptors are likely to be defined LPC (3,3) dimanganese complex (Figure 4) cor-
responds to a “closed” species in these mechanisms,the solvent bridges themselves, tightly coupling proton
transfer to metal-centered redox. The solvent bridges which must lose one of the  bridging solvent molecules
to reach a putative “open” form that is catalytically com-are expected to be relatively labile in the reduced clus-
ter, and peroxide may insert into a bridging position, petent for turnover. The steps proposed in Figure 7 do
not require this modification of the cluster core andreplacing the relatively weakly bound, doubly proton-
ated (aquo) bridge. The resulting symmetric1,1 peroxide instead involve a complex that can retain two solvent
bridges in both oxidation states of the resting enzyme,complex will be activated toward O-O bond cleavage
[50, 51] and reoxidation of the dimanganese core. In consistent with the stable complexes of LPC and TTC
that have been crystallographically characterized. Theanalogy to the heme catalase/peroxidase mechanism,
the O-O bond may be further activated by vic to gem insertion of a substrate into a bridge position of the core
in the reduced complex (Figure 7, right) could occurisomerization of the peroxide protons [52], as proposed
for heme peroxidase turnover [53], with the glutamate either associatively, through activation of the bridging
water by initial terminal coordination of the hydroperox-shuttle catalyzing the proton rearrangement, protonat-
ing the nonbridging oxygen of the bound substrate (Fig- ide, or dissociatively, through the prior loss of the aquo
bridge. The expansion of the coordination sphere forure 7). This hypothetical mechanism results in the re-
placement of one of the oxygen bridges of the cluster Mn1 in the azide complex (Figure 4, bottom) anticipates
a weakening of the bonding in the Mn2O2 core in theduring each turnover cycle, resulting in the retention of
a substrate oxygen atom between successive reactions, substrate complex.
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using a mixture of 13.5% PEG 8000 (Hampton Research) and 0.1 MBiological Implications
TAPS (Sigma) buffer (pH 8.7) as precipitant. Thin rectangular plates
belonging to space group P212121 grew to a maximal size of 1.0 Manganese catalase represents a new species of metal-
0.5 0.05 mm within 4 days. The unit cell dimensions of the orthorhom-
loprotein containing a dinuclear manganese redox clus- bic crystal form are a  85.3 A˚, b  124.1 A˚, and c  146.1 A˚. The
ter in its active site [17]. The LPC protein fold is based asymmetric unit contains one protein molecule in both crystal forms,
on an underlying 4-helix bundle structural motif that corresponding to a solvent content of 39% and 43%, respectively.
serves as scaffolding for a wide range of metal com-
X-ray Data Collection from Monoclinic Crystalsplexes in biology, from ribonucleotide reductase to ferritin
Low-resolution (2.9 A˚) data for the native enzyme (cell parameters[40]. The basic ligation pattern represented in the other
a  74.9 A˚, b  98.1 A˚, c  107.0 A˚, and   106.9) were measuredproteins in this family [40, 45] is modified in the catalase
on a 180-mm MAR image plate detector (MAR Research) at the SRSstructure (Figure S3), stabilizing a Mn2O2 core spanned by (CCLRC Daresbury, UK) on beamline 9.5. A high-resolution data set
a single 1,3 carboxylate bridge (Figure 2). As a conse- at 1.84 A˚ resolution (cell parameters a  74.7 A˚, b  96.4 A˚, c 
quence of these structural differences, the chemistry of 106.7 A˚, and  106.9) was collected on beamline X11 at the EMBL
the catalase site is distinct from that known for other well- outstation (DESY, Hamburg) on a 300-mm MAR image plate detector
(MAR Research). Both data sets were collected at room tempera-characterized 4-helix bundle proteins, emphasizing the
ture. Data scaling and reduction were performed by DENZO andextraordinary versatility of this metal binding motif.
SCALEPACK [60]. Although tests indicated that the crystals are, inWhile manganese catalases are generally considered
principle, capable of diffraction beyond 1.2 A˚ resolution at roomrare compared to their type I heme-containing counter-
temperature, data processing revealed that 1.8 A˚ is the practical
parts, they are likely to occur widely among prokaryotic limit of data collection for one crystal. At cryogenic temperatures,
life. For example, the recently completed Bacillus subti- diffraction extended beyond the 1.0 A˚ resolution limit. To prepare
lis genome contains at least three structural genes en- the azide complex, the monoclinic crystal of LPC was soaked in
50 mM sodium azide, 14% PEG 8000 (BDH), MES buffer (pH 5.5).coding proteins having more than 50% sequence iden-
A data set at 1.40 A˚ resolution was collected at 100K on stationtity with L. plantarum manganese catalase (Figure S4).
PX 9.6 at the Daresbury Laboratory (UK) using an ADSC Quantum4Two of the proteins (Bs YdbD and Bs YjqC) are hypothet-
CCD detector. The cryoprotectant used to stabilize the LPC crystalical and have unknown functions, possibly coding for in the presence of azide was a solution containing 50 mM sodium
thermostable and superthermostable spore catalase azide, 12% PEG 8000 (BDH), 0.1 M MES (pH 5.5), and 30% (v/v)
isozymes [55, 56], while the third (Bs CotJC) has been ethylene glycol. Data were reduced and scaled using DENZO and
shown to be an essential spore coat protein [57, 58]. In SCALEPACK [60]. The details of data collection statistics are pre-
sented in Table 3.each case, extensive sequence identities surrounding
the active site catalytic motif imply conservation of the
Solving the LPC Structurebasic structural elements found in LPC over this family
Subsequent calculations were done using the CCP4 suite of crystal-of proteins. Furthermore, the residues that form the cal-
lographic programs [61]. The self-rotation function of the low-resolu-cium binding site in LPC are conserved in both Bs YdbD
tion data set, calculated by the routine Polarrfn [62], revealed a
and Bs YjqC, extending the homology among these pro- strong noncrystallographic 32 symmetry of the LPC molecule. The
teins with this additional secondary structural element. structure was subsequently solved by molecular replacement using
There is also a possible link between manganese cata- AMoRe [63], followed by phase improvement and extension using
DM [64]. The crucial step in DM involved using weighted structurelase and the manganese active site of the photosyn-
factors with calculated phases and figure of merit obtained bythetic oxygen-evolving complex (OEC). The same di-
REFMAC [65] rigid body refinement of an initial model.nuclear carboxylate motif found in the nonheme
The initial model was based on the 32 symmetric core (residuescatalase family of enzymes has been detected in se-
K1–K200 6) (Figure S5) of the T. thermophilus manganese catalase
quence correlations of the D1 and D2 polypeptides that (TTC) hexamer structure [30, 31]. A very stable solution was obtained
organize the tetranuclear manganese complex of the using AMoRe with the low-resolution data set 1 and TTC core resi-
OEC [59]. The association of a redox-active tyrosine dues or a poly-Ala model of the TTC core. The same models were
residue (YZ) with the OEC manganese site strengthens unsuccessful with data set 2. However, this initial solution was used
as reference in searching a proper model for the high-resolutionthe analogy with the LPC manganese complex and ex-
data set 2. A new model was built by O [67] from Ala residues andtends the possibility that many of the fundamental cata-
residues conserved between TTC and LPC, confirming the solutionlytic features responsible for photosynthetic oxygen
of the data set 1 with data set 2. Several cycles of rigid body refine-evolution may already be revealed in manganese cata-
ment with REFMAC at 2.4 A˚ resolution indicated the impossibility
lase structure and chemistry. of direct refinement of the combined model. The electron density
map was heavily biased by the initial model features and did not
Experimental Procedures contain any obvious new information. Phase improvement and ex-
tension from 8 A˚ to 1.84 A˚ with solvent flattening, 6-fold NCS averag-
Protein Purification and Crystallization ing, and histogram matching of the map density was performed by
LPC was isolated from Lactobacillus plantarum (ATCC 14431) as DM in several steps (Table 4, Supplementary Materials). Calculated
previously described [11, 28]. Metal ion analyses were performed
phases and figure of merit obtained by REFMAC rigid body refine-
using a Varian Instruments SpectrAA atomic absorption spectrome-
ment of an initial combined model were used on the first step toter equipped with a GTA 96 graphite furnace. Two crystal forms
3.0 A˚. All subsequent steps of DM were performed with improvedof LPC were grown using PEG from different sources (Table 1).
DM phases without adding any phase information from the initialMonoclinic crystals of LPC were obtained at 17C by the vapor
model. A mask for the complete TTC monomer of 302 residues wasdiffusion technique using hanging drops containing 4 l 20 mg/ml
used in DM on this stage. The resulting extremely high-quality mapprotein plus 4 l reservoir solution. The best crystals have been
was fitted with the known LPC sequence [33] by O.prepared using a mixture of 25% PEG 8000 (BDH) and 0.1 M TAPS
(Sigma) buffer (pH 8.7) as precipitant, growing to a maximal size of
Refinement of the Structure and Model Validation0.6  0.2  0.2 mm within 2 weeks. These crystals belong to the
Five rounds of single-subunit model building, hexamer generation,monoclinic space group P21, with cell parameters a  76–74 A˚, b 
and refinement were performed to obtain a complete hexamer model98–96 A˚, c 108–107 A˚,  90,  107.2, and  90. The second
crystal form was orthorhombic, grown by the same technique and of 266  6 residues. Omit maps were used to fit the dimanganese
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cores and their ligating protein side chains after the first round of parison of beef liver and Penicillium vitale catalases. J. Mol.
Biol. 188, 63–72.complete hexamer refinement. This model of LPC was refined by
REFMAC with isotropic atomic B values at resolution limits 14.9–1.84 A˚. 6. Bravo, J., et al., and Fita, I. (1999). Structure of catalase HPII
from Escherichia coli at 1.9 A˚ resolution. Proteins 34, 155–166.Five percent of the reflections were randomly assigned to calculate
Rfree [68]. All six subunits were refined independently from the start 7. Zamocky, M., and Koller, F. (1999). Understanding the structure
and function of catalases: clues from molecular evolution andof the refinement. The model was extended to include 1056 water
molecules over 6 subunits using the program ARP [69] in restrained mutagenesis. Prog. Biophys. Mol. Biol. 72, 19–66.
8. Dounce, A.L. (1983). A proposed mechanism for the catalaticmode coupled with REFMAC. Solvent molecules were validated
manually. Three extra manual corrections of the model were done action of catalase. J. Theor. Biol. 105, 553–567.
9. Naqui, A., Chance, B., and Cadenas, E. (1986). Reactive oxygenin the process of complete model refinement in which 2Fo-Fc maps
and Fo-Fc maps were used. The final maps did not reveal any signifi- intermediates in biochemistry. Annu. Rev. Biochem. 55, 137–167.
10. Du, P., and Loew, G.H. (1995). Theoretical study of model com-cant difference density above the 3  level in the active site region.
Metal atoms and solvent ligands were unrestrained during refine- pound I complexes of horseradish peroxidase and catalase.
Biophys. J. 68, 69–80.ment. The room temperature structure of L. plantarum catalase has
11. Kono, Y., and Fridovich, I. (1983). Isolation and characterizationbeen refined to an R factor of 14.6% (Rfree  20.0%). The validity of
of the pseudocatalase of Lactobacillus plantarum. J. Biol.the model was assessed using PROCHECK [36]. The final model,
Chem. 258, 6015–6019.as defined by PROCHECK, has 90.9% of the residues in the most
12. Barynin, V.V., and Grebenko, A.I. (1986). T-catalase is nonhemefavored regions of the Ramachandran plot and 9.1% in the addition-
catalase of the extremely thermophilic bacterium Thermus ther-ally allowed regions.
mophilus HB8. Dokl. Akad. Nauk SSSR 286, 461–464.
13. Allgood, G.S., and Perry, J.J. (1986). Characterization of a man-The Azide Complex Structure
ganese-containing catalase from the obligate thermophile Ther-The structure of LPC complexed with azide ion was solved using
moleophilum album. J. Bacteriol. 168, 563–567.the native room temperature LPC structure as the initial model for
14. Barynin, V.V., et al., and Vainshtein, B.K. (1986). 3-dimensionalREFMAC [65] in Rigid body mode, followed by positional and tem-
structure of the T-catalase at 3.0 A˚ resolution. Dokl. Akad. Naukperature factor refinement. When the R factor dropped to 25.6%
SSSR 288, 877–880.(Rfree was 27.2%), 1536 water molecules were added as described
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